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The in-medium behavior of ground-state qq¯ mesons, where q ∈ {u,d, s, c}, in vector and axial-
vector channels is studied based on the spectral analysis for mesonic correlators at finite temperature
and zero chemical potential. We first compute the correlators by solving the quark gap equations
and the inhomogeneous Bethe-Salpeter equations in the rainbow-ladder approximation. Using a
phenomenological ansatz, the spectral functions are extracted by fitting the correlators. By an-
alyzing the evolution of the spectral functions with the temperature, we obtain the dissociation
temperatures of mesons and discuss their relations to the critical temperature of the chiral symme-
try restoration. The results show a pattern of the flavor dependence of the thermal dissociation of
the mesons.
I. INTRODUCTION
It is expected that the strongly interacting matter
undergoes a crossover transition at a sufficiently high
temperature, above which the dynamically broken chi-
ral symmetry is restored and quarks and gluons are de-
confined. At high temperature, the fundamental degrees
of freedom, i.e., quarks and gluons, may form a novel
quark-gluon plasma (QGP) state. The evidence of QGP
is accessible by analyzing various indirect hadronic and
leptonic signals at the Relativistic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC) [1, 2].
Heavy quarkonia, i.e., bound states of heavy flavor
quarks and antiquarks, are believed to be an ideal probe
for the QGP formation [3]. For instance, the suppression
of vector charmonium J/ψ was first proposed in Ref. [4].
Assuming that the QGP is created, the liberated quarks
and gluons screen the color charges of heavy quarks like
the Debye screening [5, 6]. As a consequence, the binding
of heavy quark and antiquark pairs in the QGP can be
weakened and thus the yield of quarkonia is suppressed.
With the temperature increasing further, the dissocia-
tion of quarkonia begins and the heavy quarks eventu-
ally diffuse in the QGP. However, because of the nuclear
shadowing effect, the Cronin effect, the nuclear absorp-
tion, and the multi-channel correlation (or level crossing),
the suppression may not come uniquely from the forma-
tion of QGP (see, e.g., Refs. [7–11]). Some investigations
show that, to understand the charmonium production at
RHIC, one should consider not only the suppression effect
but also the regeneration process (see, e.g., Refs. [12–
14]. Moreover, comparing the J/ψ yields observed in
RHIC and LHC experiments (see, e.g., Refs. [15, 16])
with the summary of the yields of particle productions
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in LHC [17], one can recognize that there exists an ab-
normal enhancement of the J/ψ production with respect
to the particles (light nuclei) with similar mass, which
deviates from the results of the statistical model dramat-
ically. The mechanism of the abnormal enhancement of
the J/ψ production needs to be clarified imperatively.
Due to the temperature dependence of the color screen-
ing radius, it is expected that mesons with different fla-
vors may dissociate at different temperatures [18–20].
This means that the in-medium mesons can serve as a
probe of the QGP. Recent results of lattice QCD show
that the heavy quarkonia can survive above the critical
temperature Tc of the chiral symmetry restoration and
deconfinement [21–28]. However, light flavor mesons may
dissociate in the neighborhood of Tc [29–31]. In other
words, the properties of in-medium mesons are closely
related to the chiral symmetry restoration and decon-
finement.
The properties of in-medium mesons are encoded in
the spectral functions of mesonic correlators [32]. The
difficulty is twofold, i.e., non-perturbative calculation
of the correlators and reliable extraction of the spec-
tral functions. The lattice QCD is a first-principle non-
perturbative approach to solve QCD. Combining with
the maximum entropy method (MEM) of the spectral
analysis, it has obtained numerous interesting results,
such as, the evolution of bound state peaks with tem-
peratures, heavy quark diffusion coefficients in the QGP,
electrical conductivities of the QGP, and so on [33–38].
Besides, many other approaches have also been applied
in the studies (see, e.g., Refs. [20, 30, 31, 39–43]).
The Dyson-Schwinger equations (DSEs), known as a
continuum QCD approach including both dynamical chi-
ral symmetry breaking (DCSB) and confinement, have
been successfully applied in studying hadron proper-
ties and QCD phase transitions (see, e.g., Refs. [44–
51]). In the DSE framework, in-vacuum hadrons are
described by the bound state equations, e.g., the two-
body Bethe-Salpeter equation (BSE) and the three-body
2Faddeev equation. By solving the equations, one can
study in-vacuum hadrons properties (see, e.g., Refs. [52–
57]). However, at nonzero temperatures, the definition of
bound state equations is problematic since bound states
may dissociate. Moreover, the numerical procedures be-
come complicated because the Matsubara frequencies are
introduced in imaginary-time thermal field theory [32].
Recently, a novel spectral representation has been suc-
cessfully developed to extend the DSE approach for in-
medium hadron properties and QGP transport proper-
ties [58, 59].
In this work, we study the flavor dependence of the dis-
sociation temperatures of vector and axial-vector mesons
in the DSE framework, by analyzing the behaviors of the
corresponding spectral functions. We observe that the
dissociation temperature increases distinctly with the as-
cending of the current quark mass. We shed light then
on the abnormal increase of the J/ψ yield obtained in
LHC experiments.
The paper is organized as follows. In Section II, we
describe briefly the theoretical framework of the mesonic
correlators. In Section III, we depict the spectral repre-
sentation and reconstruction. In Section IV, we present
our numerical results and discussions. Section V provides
a summary and perspective.
II. MESONIC CORRELATORS
According to the imaginary-time formalism of thermal
field theory [32], the mesonic correlators of a local oper-
ator JH(τ, x⃗ ) is defined as
GH(τ, x⃗ ) = ⟨JH(τ, x⃗ )J
†
H(0, 0⃗ )⟩β , (1)
where β = 1/T , τ is the imaginary time with 0 < τ < β,
and ⟨. . .⟩β denotes the thermal average. The operator JH
has the following form
JH(τ, x⃗ ) = q¯(τ, x⃗ )γHq(τ, x⃗ ) , (2)
with γH = 1, γ5, γµ, γ5γµ for scalar, pseudo-scalar, vec-
tor, axial-vector channel, respectively.
In terms of Green’s functions, the Euclidean mesonic
correlators are defined as
= =G(4) G
(4)
0 , (3)
where gray circular blobs denote dressed propagators S
and vertices ΓH , G
(4) denotes the full quark–antiquark
four-point Green’s function, G
(4)
0 stands for the two dis-
connected dressed quark propagators in the dashed box,
and black dots refer to the bare propagators or ver-
tices. As the basic building blocks of the correlators,
the dressed propagators S and vertices ΓH in Eq. (3),
have to be solved self-consistently by the corresponding
DSEs.
On one hand, the gap equation for the dressed quark
propagator S reads
= +
−1 −1 . (4)
From the above equation, it is found that S depends
on the dressed gluon propagator Dabµν and the dressed
quark-gluon vertex Γaµ, explicitly. On the other hand,
the dressed vertex ΓH satisfies the inhomogeneous BSE,
= + K(2) , (5)
where K(2) denotes the two-particle irreducible kernel
and the dressed quark propagators are fed with the so-
lutions of the gap equation. The solutions can be de-
composed according to the JP quantum number of the
corresponding channel H . To sum up, in order to solve
Eqs. (4) and (5), we have to specify the three objects
Dabµν , Γ
a
µ, and K
(2).
To this end, we adopt the widely used rainbow-ladder
(RL) approximation (see Ref.[60] and references therein),
which is the leading symmetry-preserving scheme to sat-
isfy the Ward-Takahashi identities [61–64]. The rainbow
part of this approximation is expressed as (color indices
are suppressed)
Z1g
2Dµν(kΩ)Γν(ωn, p⃗ ;ωl, q⃗ ) =D
eff
µν(kΩ)γν , (6)
with the effective gluon propagator written as
Deffµν(kΩ) = P
T
µνD(k
2
Ω) +P
L
µνD(k
2
Ω +m
2
g) , (7)
where kΩ = (ωn − ωl, p⃗ − q⃗ ), P
T,L
µν are the transverse and
longitudinal projection tensors, respectively. D is the
gluon dress function which describes the effective inter-
action, and the gluon Debye mass m2g = (16/5)T
2. Con-
sequently, the gap equation can be written explicitly as
S(ωn, p⃗ )
−1 = Z2(iγ⃗ ⋅ p⃗ + iγ4ωn +Zmm)
+ 4T
3
∑
l
∫ d
3q⃗
(2pi)3
Deffµν(kΩ)γµS(ωl, q⃗ )γν ,(8)
where ωl = (2l + 1)piT, l ∈ Z, are the fermionic Matsub-
ara frequencies; Z2,m is the quark wave function and
mass renormalization constants, respectively. The solu-
tion S(ωn, p⃗ ) can be generally decomposed as
S(ωn, p⃗ )
−1 = iγ⃗ ⋅ p⃗A(ω2n, p⃗ 2) + iγ4ωnC(ω2n, p⃗ 2)
+ B(ω2n, p⃗ 2), (9)
where A,B, and C are scalar functions. The quark mass
scale can be defined as M(0⃗, ω20) ∶= B(0⃗, ω20)/A(0⃗, ω20),
which can be taken as an order parameter of the chiral
phase transition.
3The ladder part of the RL approximation expresses the
two-particle irreducible kernel in terms of the one-gluon
exchange form
K(2)(ωn, p⃗ ;ωl, q⃗ ) = −4
3
Deffµν(kΩ)(γµ ⊗ γν) , (10)
Inserting the above expression into Eq. (5), the inhomo-
geneous BSE can be rewritten as
ΓH(ωn;ωm, p⃗ ) = ZHγH − 4
3
∑
l
∫ d
3q⃗
(2pi)3
g2Deffµν(kΩ)
×γµS(ωl, q⃗ )ΓH(ωn;ωl, q⃗ )S(ωl + ωn, q⃗)γν , (11)
where ωn = 2npiT, n ∈ Z, are the bosonic Matsubara fre-
quencies; and the renormalization constant ZH is, respec-
tively, Z4 (= Z2Zm) and Z2 for the (pseudo-)scalar and
the (axial-)vector.
Now the quark gap equation and the inhomogeneous
BSE, i.e., Eqs. (8) and (11), can be solved once the gluon
dress function D is specified. Here, we adopt the one-
loop renormalization-group-improved interaction model
[65, 66]
D(s) =
8pi2
ξ4
ηe−s/ξ
2 + 8pi
2γmF(s)
ln[τ + (1 + s/Λ2QCD)2]
, (12)
which has two parameters: the width ξ and the strength
η with the product ξη characterizing the effective inter-
action strength. Generally, one can fix the parameters by
fitting the properties of in-vacuum pseudoscalar mesons.
In this work, following Ref. [67, 68], we take ξ = 0.5GeV
and ξ = 0.8GeV for light and heavy sectors, respectively.
III. SPECTRAL FUNCTIONS
The useful information is encoded in the mesonic spec-
tral functions, which are related to the imaginary parts
of the retarded correlators,
ρH(ω, p⃗ ) = 2 ImG
R
H(ω, p⃗ ) = 2 ImGH(iωn, p⃗ )∣iωn→ω+iǫ .
(13)
Then, the spectral representation at zero momentum (p⃗ =
0⃗ ) reads
GH(ω
2
n) = ∫
∞
0
dω2
2pi
ρH(ω)
ω2 + ω2n
− (subtraction) , (14)
where an appropriate subtraction is necessary due to the
divergence of spectral integral, i.e., ρH(ω → ∞) ∝ ω2.
Following Refs. [58, 59], we introduce a discrete trans-
formation for GH and define the transformed correlator
as,
G˜H(ω
2
n) =
GH(ω
2
n)
(ω2n − ω2n+1)(ω2n − ω2n+2)
+ GH(ω
2
n+1)
(ω2n+1 − ω2n)(ω2n+1 − ω2n+2)
+ GH(ω
2
n+2)
(ω2n+2 − ω2n)(ω2n+2 − ω2n+1)
. (15)
Then, we have
G˜H(ω
2
n) = ∫
∞
0
dω2
2pi
ρH(ω)
(ω2 + ω2n)(ω2 + ω2n+1)(ω2 + ω2n+2)
,
(16)
which is divergence-free in both the ultraviolet and in-
frared regions. Compared with the original expression
Eq. (14), the spectral representation in Eq. (16) can serve
as the practical tool for the extraction of observables.
The spectral representation connects the Euclidean
correlator which can be calculated in the DSE frame-
work with the spectral function which encodes observ-
ables. However, it is generally an ill-posed problem to
reconstruct the spectral function since its degrees of free-
dom are much more than the data points of the calcu-
lated correlator. Thus, a prior knowledge for the spectral
functions is required. To solve the problem, one can in-
troduce an ansatz parameterizing the spectral function
and fit the parameters by the standard χ2-procedure.
At zero temperature, since the ground state of a meson
dominates the corresponding spectral integral, we can
then parameterize the spectral function as
ρH(ω) = Cres
MΓω2
(ω2 −M2)2 +M2Γ2 +Ccut ω
2Θ(ω2 − ω20) ,
(17)
where the first term is the Breit-Wigner distribution [69–
71] and the second term is the simplified perturbative
continuum branch cut [72]. Inserting the above ansatz
into the spectral representation, one can express the cor-
relator in terms of the parameters. The fitted parameters
can give the interested observables, e.g., in-vacuum mass
spectra. In our calculations, we do not include explicitly
the radial excitation states because their signals are very
weak [58].
At nonzero temperature, we extend the ansatz as (see
Ref. [73] for an example)
ρH(ω) = Ctrs
η ω
η2 + ω2 +Cres
MΓω2
(ω2 −M2)2 +M2Γ2
+ Ccutω2Θ(ω2 − ω20), (18)
where the first term is introduced for the transport peak.
The properties of in-medium mesons can be read off from
the evolution of the parameters with temperature, e.g.,
the mass and the width, which can signal the dissocaia-
tion of mesons as we will see in the next section.
IV. RESULTS AND DISCUSSIONS
At zero temperature, the spectral functions have five
parameters which can be fitted with a quite high preci-
sion. For example, the fitted spectral functions of the
pseudoscalar and vector mesons’ spectral functions at
zero temperature can be shown in Fig. 1. It can be found
apparently that the Breit-Wigner peaks are very sharp,
which means that the ground states correspond to the
4TABLE I. Masses of some light falvor and heavy flavor mesons in vacuum. The results are obtained by both the spectral
function analysis (herein) and solving the homogeneous BSE (h.BSE). Dimensional quantities are displayed in GeV.
pi K σ ρ a1 φ f1 ηc J/ψ χc0 χc1
herein 0.138 0.493 0.655 0.771 0.939 1.09 1.29 3.01 3.11 3.45 3.55
h.BSE 0.138 0.495 0.660 0.768 0.921 1.09 1.24 2.97 3.09 3.31 3.44
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FIG. 1. Calculted pseudoscalar and vector mesons’ spectral
functions at zero temperature.
simple poles in the Green’s functions. For such a case,
the homogeneous BSE works very well. As a compari-
son, we also include the results obtained by solving the
homogeneous BSE in Table I. It can be noted easily that
the relative difference between the two methods is less
than 5%.
Notice that, since the ground state peaks are very
sharp and strong, the signals of excited states are so
weak which is beyond our fitting accuracy. Thus, one
could turn to more sophisticated numerical techniques,
e.g., the maximum entropy method (MEM) [74]. How-
ever, it is still very difficult to obtain robust results for
excited states [58]. Nevertheless, the studies on excited
states are beyond the scope of this work. Next, we will
focus on the properties of the ground state mesons at
nonzero temperature.
At nonzero temperature, we first study the evolu-
tion of the light quark mass scale with temperatures.
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FIG. 2. Calculated evolution feature of the light flavor quark
mass scale with temperatures, where the dashed vertical line
indicates the steepest descent temperature.
The obtained result is displayed in Fig. 2. It is evi-
dent that, with temperature increasing, the mass scale
gradually decreases. Moreover, there is a temperature
region where the decrease becomes very rapid. The
steepest descent temperature is usually taken to define
the (pseudo)critical temperature Tc,χ of the chiral phase
transition, which is indicated by the dashed vertical line
in the figure. We have then T
(l)
c,χ = 135MeV, which is
consistent with the state of the art lattice QCD simula-
tion [75].
Next we analyze the spectral functions of the light
quark vector and axial-vector channels at different tem-
peratures. Our calculated spectral functions are shown in
Fig. 3, where the results for temperatures below 90 MeV
are skipped since there is no significant change from that
at zero temperature. It is easily found that, with temper-
ature increasing, the ground state peaks become broad
and decrease in height. Especially, in the neighborhood of
the T
(l)
c,χ, the peaks are dramatically smeared and eventu-
ally become indistinguishable from the background. This
means that, at high temperature, the bound states may
dissociate.
In order to further understand the dissociation process,
we focus on the features of the peaks, i.e., the masses
M and the widths Γ. The obtained results are shown
in Fig. 4. One can observe evidently from Fig. 4 that,
the masses remain almost unchanged until T ∼ 110MeV
and dramatically increase when T ∼ T
(l)
c,χ. At very high
temperatures, the difference between the masses of the
5V
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FIG. 3. Spectral functions of the light quark vector (upper
panel) and axial-vector (lower panel) channels obtained by
fitting the corresponding correlators at several temperatures:
90 ∼ 155 MeV.
vector and axial-vector channels become invisible. It can
also be easily noticed that the masses of the two chan-
nels accidentally coincide at T ∼ 100 MeV. This roots
in the drawback of the RL approximation which signifi-
cantly underestimates the mass of the light quark axial-
vector channel due to the lack of enough spin-orbital re-
pulsion [52, 65, 66]. If taking the reason into consider-
ation, the axial-vector mass should be much larger than
the presented result in the temperature region below T
(l)
c,χ,
and the accidental coincidence could disappear.
Fig. 4 illustrates also obviously that, the widths re-
main small at low temperatures and increase rapidly at
T ∼ T
(l)
c,χ. Similar to analyzing the quark mass scale, we
can study the steepest ascent temperatures of the widths,
denoted by Ts. We have that Ts ∼ 138MeV for the vec-
tor channel and Ts ∼ 131MeV for the axial-vector one
(see the vertical lines in Fig. 4). Above the steepest as-
cent temperatures, the widths become comparable with
the masses so that the peaks can hardly be identified as
bound states. Since Ts ∼ T
(l)
c,χ with only several MeV dif-
ference, it is sound to conclude that the dissociation of
light quark bound states happens at the (pseudo)critical
temperature of the chiral phase transition.
Now a natural question arises: can any bound states
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
0.4
0.8
1.2
1.6
2.0
2.4
M
/G
eV
T/GeV
du
 V
    AV
0.09 0.10 0.11 0.12 0.13 0.14 0.15
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
/G
eV
T/GeV
du
 V
    AV
FIG. 4. Calculated temperature dependence of the masses
and widths of the peaks in the light quark vector and axial-
vector channels, where the dashed vertical lines indicates the
steepest ascent temperatures.
survive at high temperatures. In order to address the
question, we study the dependence of the spectral func-
tions on the quark flavors. We first analyze the evolution
of masses of strange and charm quark bound states, e.g.,
ss¯ and cc¯, with temperatures. The results are shown
in Fig. 5. Unlike the light flavor case, it is found that
the pole masses of vector and axial-vector channels do
not coincide at high temperatures any more. It is much
more obvious in cc¯ bound states which should be under-
stood as that the dominant contribution comes from the
explicit chiral symmetry breaking rather than DCSB in
the heavier flavor cases [45].
From Fig. 5, one can also recognize that, unlike the
cases of light flavor quarks, the masses and the widths
of ss¯ and cc¯ remain almost unchanged in the neighbor-
hood of T
(l)
c,χ. For ss¯ vector and axial-vector mesons, the
properties start being changed by the thermal environ-
ment for T > 150 MeV, and the steepest ascent temper-
atures of the widths, i.e., the dissociation temperatures
Ts ∼ 170 MeV. For cc¯ cases, the thermal effect becomes
visible at very high temperatures, i.e., T > 2T
(l)
c,χ. The
dissociation temperatures Ts ∼ 280 MeV and 330 MeV
for vector and axial-vector cc¯ mesons, respectively. This
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FIG. 5. Calculated temperature dependence of the masses and widths of the peaks in the strange (left panel) and charm (right
panel) quark vector and axial-vector channels, where the dashed vertical lines manifests the steepest ascent temperatures.
observation can be regarded as a flavor dependence of
the dissociation and may intuitively explain the flavor hi-
erarchy in the deconfinement transition [76]. Moreover,
similar results can be found in other works using different
methods (see, e.g., Refs. [22, 28, 77–80]). Such a result
also means that the formation temperature of heavy fla-
vor mesons from quark gluon matter is much higher than
that for light flavor mesons. In turn, the formation phase
space of heavy flavor mesons is very large. Therefore the
yield of the J/ψ in the LHC experiments should be much
larger than light flavor particles with the similar mass
(e.g., the light nuclei 3H, 3ΛHe, etc.).
V. SUMMARY AND OUTLOOK
In summary, based on the spectral representation of
mesonic correlators and the self-consistent solutions of
the rainbow-ladder truncated BSE and DSE, we studied
systematically the temperature dependence of the me-
son spectral functions in both vector and axial-vector
channels, especially, the masses and the widths of the
spectral peaks. The results reveal the flavor dependent
pattern of the thermal dissociations of vector and axial-
vector mesons. For light flavor mesons, the masses and
the widths dramatically increase in the crossover region
of the chiral restoration. It is sound to conclude that the
dissociation of light flavor mesons and the chiral sym-
metry restoration happen, simultaneously. However, for
strange and charm quark mesons, the dissociation tem-
peratures increase, significantly. Moreover, the heavier
the quarks, the higher the dissociation temperatures.
As having mentioned in the context, the RL approx-
imation can work well only for several channels. Then
sophisticated truncation scheme beyond the RL approxi-
mation, such as with the full quark-gluon vertex [63, 81],
should be taken in the spectral function analysis, and
an interaction model with more realistic temperature de-
pendence could also be adopted. Moreover, the studies
at not only nonzero temperature but also nonzero chem-
ical potentials are of great interest, more specifically, the
region in the vicinity of the possible critical end point.
The related works are under progress.
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